The term pcd is used to describe cell death that is a normal part of the life cycle of a multicellular organism. Such a death process is usually triggered by a signal that may be produced during development or in response to certain environmental cues. Death of cells during pcd usually involves the induction or activation of cellular mechanisms that play an active part in the dismantling of the dying cell (Martin et al., 1994) . Apoptosis is a type of pcd that exhibits several distinct morphological and physiological features. These include condensation of the cytoplasm, fragmentation of nucleosomal DNA, condensation of nuclei, and the appearance of apoptotic bodies (Wyllie et al., 1984; Schwartzman and Cidlowski, 1993) . In animals, pcd plays a key role in development and in response to environmental insults (Schwartzman and Cidlowski, 1993) . In plants, pcd is thought to be involved in anther, megagametophyte, and vascular tissue development, as well as in sex determination (DeLong et al., 1993; Chasan, 1994; Dietrich et al., 1994). The response of plants to pathogens that evoke a hypersensitive response may also involve pcd (Dietrich et al., 1994; Greenberg et al., 1994; Lamb, 1994) .
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Xylem is the principal water-conducting tissue found in vascular plants, and it may be primary or secondary in origin. Primary xylem is derived from the procambium, and secondary xylem is derived from the vascular cambium. During the formation of primary xylem elements, meristematic cells of the procambium undergo a sequence of physiological and morphological changes. Cells first enlarge and then lay down a patterned secondary cell wall structure in a spiral, annular, or reticulate arrangement. These secondary thickenings do not hinder the elongation of the mature elements during the extension growth of the primary plant body. Deposition of secondary wall structures is coordinated with reorganization of the cytoskeleton and proliferation of the Golgi system. Following the deposition of secondary wall structures, cells undergo autolysis. Therefore, fully differentiated tracheary elements have sturdy secondary cell walls and no cellular contents (Aloni, 1987; Chasan, 1994) . During the final autolysis stage of this differentiation process, a progressive remova1 of cellular components occurs. This remova1 process involves the degradation of plastids, dictyosomes, microtubules, mitochondria, ribosomes, plasmalemma, and nuclei (Srivastava and Singh, 1972) . Interestingly, this process of cellular degradation involves the formation of cytoplasmatic spherules and an intense budding-off of vesicles containing cellular components into the vacuole where they undergo degradation Humphreys, 1973, 1974) . This process may be similar to the formation of apoptotic bodies by animal cells during apoptosis, although in animal cells, these apoptotic bodies bud-off from the plasmalemma and are engulfed by neighboring cells, whereas in tracheary elements, they bud-off into the vacuole where they are degraded. This observation is important because it provides an indication that autolysis of xylem elements may occur via an organized process that may be analogous to pcd in animals. During. the differentiation of tracheary elements, the nuclei undergo extensive changes in both structure and DNA content (Lai and Srivastava, 1976) . In the early stages of this process, the nuclei increase in volume and DNA content. Later, while secondary walls are being deposited, the nuclei decrease in size and undergo several structural changes. These include lobing of the nuclei, clumping of chromatin, and loss of nuclear zonation. In older xylem elements, there is a loss of stainability of the nucleoplasm and a loss of structural detail in the nucleolus. Despite these morphological changes, the nucleus is one of the Abbreviations: nDNA, nuclear DNA; pcd, programmed cell death; TdT, terminal deoxynucleotidyl transferase.
www.plantphysiol.org on November 11, 2017 -Published by Downloaded from Copyright © 1995 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 108, 1995 most stable components in the cell and is among the last organelles to disappear during the autolysis process (Lai and Srivastava, 1976) . It is therefore not clear whether nDNA is being degraded before the loss of defined nuclear structure or after the disintegration of the nuclear membrane. The first may indicate an active, controlled process, whereas the latter suggests a passive process. Recently, a nuclease that degrades both single-stranded DNA and RNA was found to be induced during the differentiation of tracheary elements from cultured Zinniu eleguns mesophyll cells (Thelen and Northcote, 1989) . However, the function of this nuclease in nDNA degradation and its subcellular localization are unknown at present. It is also not clear whether this nuclease activity plays a key role during the differentiation of tracheary elements in vivo.
In this paper, we demonstrate that pcd, which occurs during the formation of tracheary elements in higher plants, is likely to involve an active process of nDNA fragmentation similar to apoptosis in animal cells. Fragmentation of nDNA precedes the final disintegration of the nucleus and may therefore occur via a controlled activation of DNases. We further describe a simple and useful experimental system for the in situ detection of nDNA fragmentation during pcd in higher plants. This model system may serve as a useful method for the detection of pcd in other developmental pathways, including the hypersensitive response of higher plants exposed to avirulent pathogens.
MATERIALS A N D M E T H O D S Plant Material
Pea (Pisum sativum L., cv Progress 9) seeds were soaked in water and placed on water-soaked paper towels in a covered chamber for 1 week. Root tips (10 mm) were excised with a razor blade and processed for histochemical staining and detection of nDNA fragmentation.
Histochemistry and Microscopy
Root tips were fixed in 10% formaldehyde:5% acetic acid:45% ethanol for 3 h, dehydrated through a graded ethanol series (25, 50, 75, 100%, 20 min each step), and incubated overnight in 100% ethanol (alternatively, the tissue was stained with 0.1% eosin in 95% ethanol overnight and washed twice, for 10 min each, in 100% ethanol). The dehydrated tissue was then taken through a graded xylene series (25, 50, 75, 100%, in ethanol, 1 h each step).
Finally, the tissue was embedded in paraffin (Paraplast +, Fisher) by a graded paraffin series (25, 50, 75, 100%, in xylene, 3 h each step, at 59°C). Tissues were infiltrated in 100% paraffin overnight at 59°C and sectioned on a Reichert-Jung 2040 retractable rotary microtome at a thickness of 5 pm. For structural studies, sections were mounted on slides, deparaffinized, stained with hematoxylin (Fisher) according to the manufacturer's instructions, and observed by light microscopy. For 'the detection of pcd, sections were mounted on ProbeOn+ slides (Fisher) and incubated at 45°C overnight. To prevent DNA degradation in sections used for pcd detection, a11 solutions used for this staining protocol were free of DNase. Sections were deparaffinized, washed with PBS buffer, digested with proteinase K (20 pg/mL) for 20 min at 25"C, washed with distilled water, and stained for apoptosis according to the method of Gavrieli et al. (1992) with the ApopTag in situ detection kit (Oncor, Gaithersburg, MD), using fluoresceinbound anti-digoxigenin antibodies. Slides were then counterstained with propidium iodide/antifade (Oncor). Nuclei undergoing apoptosis were observed with a Nikon EF-D Optiphot epifluorescence microscope using an excitation filter, 420 to 490 nm; a dichroic mirror, 510 nm; and a barrier filter, 520 nm (blue actinic light). Slides were then stored in the dark at 4°C for several days and photographed using the same fluorescence settings.
RESULTS A N D DISCUSSION

Differentiation of Tracheary Elements in Pea Roots
We studied the differentiation of vessel elements in roots of germinating pea seedlings. Because pea roots contain a relatively large number of cells, this increases the chance of finding vessel elements at various stages of differentiation within the same section (Torrey, 1953) . As shown in Figures 1 and 2 , several developmental stages were identified during the differentiation of vessel elements, a11 of which were found in a single longitudinal section of a pea root ( Fig. 1 ; 7500 pm in length). Developmental stages include enlargement of procambium-derived cells ( Fig. 2A) , deposition of secondary cell wall structures (Fig. 2B) , lignification of secondary cell wall structures and loss of nuclei (Fig. 2C) , and elongation of the mature vessel element (Fig.  2D) . The loss of nuclei in differentiating vessel elements (Fig. 2 0 is thought to be the outcome of a developmentally triggered pcd process. Loss of nuclei usually occurred in vessel elements that contain lignified secondary cell wall structures with a characteristic spiral pattern (Fig. 2C) . Elongation of the mature, enucleated elements occurred at the elongation zone of the root and may indicate that stretching of mature vessel elements is the outcome of general extension growth of the primary root body. The presence of cells at different stages of vessel element differentiation in a single pea root section (Fig. 1 ) makes this system a useful model for in situ studies of pcd in higher plants.
Detection of pcd in Higher Plants
Fragmentation of nDNA is one of the hallmarks of apoptosis in animal cells (Wyllie et al., 1984) . We have therefore utilized an in situ TUNEL assay based on the detection of fragmented nDNA (Gavrieli et al., 1992) . This assay has been applied successfully for the detection of apoptosis in animal cells. The assay can be used to detect the fragmentation of nDNA in sections of fixed, embedded tissues and is based on the reaction of TdT with 3' hydroxyl groups of fragmented nDNA in the presence of digoxigenin-dUTP. Fragmented nDNA can be detected with a fluoresceinbound, anti-digoxigenin antibody. As a control, the assay is performed without the TdT enzyme. Nuclei are counterstained with propidium iodide to indicate the presence of nuclei that are not undergoing apoptosis. As shown in Figure 3A , fragmentation of nDNA (indicated by bright green fluorescence) was detected in nuclei of vessel elements that contain mature, lignified secondary cell wall structures (Fig. 3B) . Fragmentation of nDNA was detected in nuclei that had a defined structure. Fragmented nDNA was not detected in other parts of the cell. Therefore, the fragmentation of nDNA appears to occur before the disintegration of the nucleus. This finding indicates that the degradation of nDNA during the autolysis of vessel elements may result from the activation of an endogenous mechanism that plays an active role in the removal of the nucleus. Such a process may be similar to the induction of nuclease activity during apoptosis in animal cells (Schwartzman and Cidlowski, 1993) . This observation is supported by the finding that the differentiation of tracheary elements from cultured Z. elegans mesophyll cells involves the induction of a specific nuclease (Thelen and Northcote, 1989) . Autolysis of vessel elements may therefore involve the activation of a nDNA degradation mechanism, similar to pcd or apoptosis in animal cells.
Control pea root sections containing vessel elements undergoing pcd and treated in the absence of TdT showed no staining for DNA fragmentation (Fig. 3C ), although these contained lignified secondary cell wall structures and nuclei assumed to be undergoing pcd (Fig. 3D) . Staining of nuclei in these sections (indicated by orange-red fluores- cence in Fig. 3C ) is the result of the propidium iodide reaction with nDNA. Lignification of secondary cell wall structures preceded the detection of nDNA fragmentation and can be observed by the presence of autofluorescent material in the cell walls of these elements (Fig. 3 , A and C).
We have successfully applied an in situ molecular marker for apoptosis to the study of primary xylem element differentiation in pea roots. We found that onset of pcd coincided with the expected developmental time for cell death during the maturation of these elements. Nuclei of vessel elements undergoing pcd contain fragmented nDNA. Fragmentation of nDNA may therefore occur prior to the final disruption of the nuclear membrane. This finding indicates that autolysis of mature vessel elements involves an active process of nDNA degradation that may be similar to apoptosis in animal cells. The pea root system and vessel element differentiation in particular may thus serve as a model system for pcd in plants, and the TUNEL assay (Gavrieli et al., 1992) may be a useful method for future studies of other pcd processes in higher plants.
